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Abstract
By observation of electrical resonances, switched reluctance
drives can be controlled without position sensor. The range of
resonance frequencies is defined by the position-dependent phase
inductance and a parasitic capacitance, mainly associated with
the converter switches. In this paper, an analytical model is used
to predict the aligned resonance frequency, taking into account
material and geometry factors, as well as dynamic effects such
as eddy current losses. The range of resonance frequencies can
be influenced by mounting external capacitors over the power
semiconductor devices. It is shown that an optimal aligned
frequency is associated with a trade-off between a high position
resolution and a high pulse-width modulation frequency. Good
correspondence is obtained between the model-predicted results
and measurements on a switched reluctance drive.
1 Introduction
Position- or speed-sensorless control of switched reluctance
machines receives a lot of interest from the industrial and
academic community.
One class of sensorless methods for switched reluctance drives
is based on resonance between the inductance of an idle motor
phase and an external capacitor [6]. The resonance frequency
depends on the phase inductance, which varies with the rotor
position. If a high-frequency sinusoidal current is injected in the
resonant circuit, the amplitude and phase of a voltage in the
circuit is modulated by the rotor position.
A rotor position estimation method based on electrical reso-
nance, but without the need for an external excitation circuit,
is proposed in [4]. The method is characterized by the fact that
very short voltage pulses are used to trigger resonance between
the magnetic energy stored in the phase inductances and the
energy stored in parasitic capacitances associated with the power
semiconductor devices, power cables and motor phase windings.
This paper presents an analytical model for the resonant circuit
associated with an aligned rotor position. Parasitic capacitances,
motor geometry, material parameters and eddy current losses in
the magnetic laminations are taken into account to predict the
aligned resonance frequency of the drive. It is shown that this
frequency should be minimized to obtain a maximum position
resolution between the unaligned and aligned rotor position.
However, due to increasing measurement delay with decreasing
frequencies, the aligned resonance frequency is bounded by the
time between switching actions of the power semiconductor
devices, and thus by the PWM period.
The range of resonance frequencies can be influenced by mount-
ing external capacitors in parallel with the power semiconductor
devices. A simple setup is proposed to measure the different
capacitances in the system. Measurements show the validity of
the proposed model.
2 Position Estimation in switched reluctance
drives
In switched reluctance drives, the rotor position can be obtained
by observation of the unforced oscillation of a resonant circuit
comprising the inductance and parasitic capacitance associated
with an idle motor phase [4]. Fig. 1(a) shows an asymmetric
H-bridge of a switched reluctance drive converter and a motor
phase. If the IGBTs and freewheeling diodes are blocked, these
devices behave as a parasitic capacitance. The model of Fig. 1(b)
shows these parasitic capacitances, indicated by Ci and Cd
respectively, and the parasitic capacitance Cw of the motor
phase winding and the capacitance Cc associated with the power
cable between converter and motor phase. The impedance Zw
represents the phase winding impedance without the contribution
of the parasitic capacitance Cw.
The circuit of Fig. 1(b) can be excited by application of a
short voltage pulse, see Fig. 2(a). During the short switch-on
of the IGBTs, the parasitic capacitances Cd, Cc and Cw are
charged up to the bus bar voltage Vdc. At the end of the voltage
pulse, a resonance is initiated due to an exchange of energy
between the parasitic capacitances and the phase inductance Lw.
This resonance is damped, mainly due to eddy currents in the
magnetic material. Fig. 2(b) shows the position-dependence of
the resonance. If the rotor is in the aligned position with respect
to the idle phase, the phase inductance has a maximum value and
the corresponding (undamped) resonance frequency will reach a
minimum value, given by
ωres =
1√
Lw(θ, ωres)Ceq
, (1)
(a)
(b)
Figure 1. Converter H-bridge with phase winding (a) and parasitic model of
motor-converter combination (b).
where Ceq represents the total equivalent parasitic capacitance:
Ceq =
Ci + Cd
2
+ Cc + Cw. (2)
It can be seen from Fig. 2 that the timing of the test pulse
is chosen in such a way that the first part of the resonance
waveform is not disturbed by the switching actions in the
active (torque-producing) phase. From this part of the waveform,
rotor position can be estimated e.g. by measuring the damped
oscillation period, or by a single voltage measurement at a fixed
time after the start of the test pulse [4].
3 Analytical Resonance Frequency Model
3.1 Aligned Resonance Frequency
If the frequency-dependency of the phase inductance would be
neglected in (1), the resonance frequency would be inversely
proportional to
√
Lw(θ). The ratio of unaligned to aligned
resonance frequency would therefore be independent of the
equivalent capacitance Ceq:
ωres,un
ωres,al
=
√
La
Lu
, (3)
with La and Lu the (frequency-independent) aligned and un-
aligned phase inductance respectively. However, in a sinusoidal
regime at frequency ω, the phase inductance depends on ω due
to induced eddy currents in the magnetic laminations of the
motor. If a winding with w turns is wound around a core which
consists of n adjacent rectangular-shaped magnetic sheets, the
core impedance Zc(jω) is defined by [1] [7]
Zc(jω) = 2n
b
l
w2Z0(jω) tanh
(
γ(jω)
d
2
)
, (4)
(a) Control signals for IGBTs of phase A (top) and IGBTs of phase C
(bottom).
(b) Voltage resonance in phase C. The arrows indicate distortions due to
switching actions in phase A.
Figure 2. Application of 1.2 µs voltage pulse in phase C, for the unaligned
and aligned position. Phase A is current-controlled. Vdc = 105 V .
where j is the imaginary unit and b, l and d represent the width,
length and thickness of a sheet respectively. The characteristic
impedance Z0(jω) of the magnetic material and the propagation
function γ(jω) are defined by
Z0(jω) =
(
jωµ
σ
)1/2
, (5)
γ(jω) = (jωµσ)1/2, (6)
with µ and σ the magnetic permeability and electrical conduc-
tivity of the material respectively.
For low frequencies, the equality
lim
z→0
tanh(z)
z
= 1 (7)
can be used to reduce (4) to its low-frequency limit ZcLF :
lim
ω→0
Zc = ZcLF = jω · µw2
bnd
l
, (8)
which corresponds to a constant low-frequency inductance LcLF :
LcLF = µw
2 bnd
l
. (9)
In order to model the impedance of the magnetic material in a
switched reluctance motor, (9) can be used, provided that l and
core and geometry data symbol value unit
relative permeability µr 2000 -
sheet conductivity σ 3 · 106 S/m
sheet thickness d 0.5 mm
number of sheets n 205 -
number of turns w 208 -
average magnetic path length l 300 mm
average magnetic path width b 17.55 mm
stator stack length ls 100.8 mm
stator yoke width by 13 mm
stator tooth width bp 20 mm
single air gap length la 0.4 mm
unaligned inductance Lu 10 mH
natural system capacitance Ceq 490 pF
Table I
MAGNETIC CORE, GEOMETRY AND CONVERTER DATA
Figure 3. Switched reluctance motor geometry.
b correspond to the average length and width of the magnetic
path in the core of the machine [3]. This is especially true in
the aligned position, where fringing effects can be neglected.
In an aligned position, the magnetic path includes a double air
gap, the inductance of which is given by
Lair =
µ0w
2lsbp
2lair
, (10)
with lair the single air gap length, bp the stator pole width as
indicated in Fig. 3, and ls the length of the stator lamination
stack (ls = nd if the isolation distance between the magnetic
laminations of the core is neglected).
In the case that the aligned motor phase is idle, the corresponding
equivalent circuit is shown in Fig. 4. The low-frequency aligned
phase inductance is therefore determined by the parallel circuit
of the inductances (9) and (10).
In the case of frequencies ω exceeding the cut-off frequency of
the material, following equality holds:
ω  4
µσd2
⇐⇒ tanh
(
γ(jω)
d
2
)
→ 1 (11)
From the motor data of Table I, it follows that the magnetic ma-
terial has a cut-off frequency of 338 Hz. The aligned resonance
waveform of Fig. 2(b) has a frequency of 32.9 kHz. For most
motor-converter combinations it can be assumed that (11) holds,
resulting in a simplified expression for the core impedance Zc:
Zc(jω) = 2n
b
l
w2
1 + j√
2
√
µ
σ
√
ω. (12)
Figure 4. Equivalent circuit for idle motor phase connected to converter bridge.
The impedance (12) has a real part, which represents the eddy-
current induced damping in the magnetic core. In the following
this damping will be neglected, so that the resonance frequency
can be calculated by means of (1), valid for the undamped
system. In this case, the core impedance (12) reduces to its
imaginary part
Zc(jω) = jωLc(ω) = j
√
2n
b
l
w2
√
µ
σ
√
ω. (13)
By defining the constant KcHF ,
KcHF =
√
2n
b
l
w2
√
µ
σ
, (14)
the core inductance can be written as
Lc(ω) =
KcHF√
ω
. (15)
As can be seen from Fig. 4, the parallel circuit of (10) and (15)
yields the phase inductance Lw:
Lw(ω) =
Lc(ω)Lair
Lc(ω) + Lair
. (16)
Substitution of (16) in (1) results in a non-linear equation, the
solution of which is the undamped aligned resonance frequency:
1
ω2
=
KcHFLair
KcHF + Lair
√
ω
Ceq. (17)
This equation can be rewritten as
KcHFCeqω
2 −√ω = KcHF
Lair
. (18)
If
√
ω  KcHF/Lair the high-frequency solution of (18) can be
obtained:
ωres,al →
(
1
KcHFCeq
)2/3
. (19)
With the parameters of Table I, the right-hand side of (18) equals
156, while (19) yields 33.4 kHz. The high-frequency assumption
and equation (19) are therefore valid for the motor-converter
combination under test, even in the case that Ceq would be much
larger than the value specified in Table I.
3.2 Unaligned Resonance Frequency
The unaligned rotor position is characterized by a large air
gap which is the dominating reluctance in the magnetic path.
Therefore, the unaligned phase inductance Lu remains almost
constant over a wide frequency range, resulting in an unaligned
resonance frequency ωres,un which is inversely proportional to√
Lu:
ωres,un =
1√
LuCeq
. (20)
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Figure 5. Calculated unaligned resonance frequency (f un), aligned resonance
frequency (f al), low-frequency (LF) and high-frequency (HF) approximation of
aligned resonance frequency as a function of equivalent capacitance, measure-
ments of unaligned (f m1) and aligned (f m2) resonance frequency.
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Figure 6. Calculated ratio of unaligned to aligned resonance frequency: exact
solution according to (18), calculated low-frequency (22) and high-frequency
approximation (21), and measured ratio.
3.3 Ratio of Resonance Frequencies
The unaligned and aligned resonance frequency as a function of
the equivalent capacitance Ceq are shown in Fig. 5. The figure
also shows how the aligned resonance frequency curve converges
towards its high-frequency approximation (for low values of Ceq)
and towards its low-frequency approximation (for high values
of Ceq). It is clear that at low frequencies, the unaligned and
aligned curves run parallel in the logarithmic diagram, and the
ratio of unaligned to aligned resonance frequency remains at the
constant value (3). For decreasing capacitance values, the aligned
resonance frequency rises faster than the unaligned resonance
frequency, leading to curves which converge towards higher
frequencies. Theoretically, the curves intersect near the point
(5 pF, 700 kHz). However, a capacitance as low as 20 pF is
not to occur in a converter-machine combination in the power
range of hundreds of Watts or more. Furthermore, a frequency
of hundreds of kHz is likely to be above the eigenfrequency of
a machine phase winding in the considered power range. Above
this eigenfrequency, the winding behaves more capacitive than
inductive, and the model (4) is not valid anymore.
4 Trade-off of Capacitance Value
The ratio of unaligned to aligned resonance frequency is shown
in Fig. 6. The high-frequency behaviour of the ratio follows from
(19) and (20):
ωres,unaligned
ωres,aligned
=
KcHF
2/3
√
Lu
C1/6. (21)
For high capacitance values the ratio converges to the low-
frequency approximation:
ωres,unaligned
ωres,aligned
=
√√√√ LairLcLFLair+LcLF
Lu
. (22)
As discussed in 3.1, the high-frequency approximation (21) is
valid for practically all motor-converter combinations.
Both from Fig. 5 and (21) it can be concluded that the equivalent
capacitance should be taken as large as possible, in order
to maximize the ratio of the unaligned to aligned resonance
frequency, and thus to maximize the position resolution between
the unaligned and aligned rotor position. However, a trade-off
has to be made with regard to the PWM period at which the
machine is controlled. From Fig. 2(b) it can be seen that the
voltage resonance waveform gets distorted at time instants where
switching actions take place in the active (current-controlled)
phase of the machine. However, the waveform should not be
distorted during the time which is necessary to extract position
information from the waveform. For a given modulation strategy,
this puts a limit on the maximum PWM frequency that can be
used, as the time between successive switching actions decreases
linearly with the PWM period. In a worst-case scenario, a large
amount of capacitance is present in the system, and the PWM
frequency has to be reduced so much that significant current
ripple and/or audible noise cannot be avoided anymore.
5 Model Validation
5.1 System Capacitance Measurement
For the calculation of the analytical model, the capacitance Ceq
has to be known. Following measurements are made to retrieve
the values of the capacitances in (2):
• The combined cable-winding capacitance is measured by
means of an LRC meter: Cc + Cw = 390 pF.
• The capacitance of an IGBT and a diode is measured by
means of the setup of Fig. 7. A bias voltage between 0 and
200 V can be applied over the device under test (D.U.T.)
by means of a dc source. A function generator imposes a
10 kHz, 1 V peak-to-peak square wave voltage Vgen over
the D.U.T. An oscilloscope probe (with capacitance Csc)
is used to measure the voltage Vm over a known capacitor
Ct. A 100 nF capacitor decouples the bias voltage from
the scope probe. The waveforms Vgen and Vm are shown
in Fig. 8. The step changes in Vm are determined by the
capacitive division between the output capacitance of the
D.U.T. and the combined test and probe capacitance:
Vm
Vgen
≈ CD.U.T.
CD.U.T. + (Ct + Csc)
(23)
The test capacitance Ct is chosen in such a way that
the denominator (23) is approximately twice the output
capacitance of the D.U.T., resulting in a good measurement
resolution. The exponential behaviour between the step
changes is determined by the time constant of the combined
test/probe capacitance and the high-impedance resistor with
value 100 kΩ.
From (23) the output capacitance CD.U.T. can be calculated
as a function of the bias voltage over the component.
Fairchild smart power modules of the type FCSA50SN60
were used in the converter under test. The resulting (C, V )
profile of an IGBT in a module is shown in Fig. 9. The
profile has a highly non-linear dependence on the bias
voltage over the component. The physical origin lies in the
depletion layer, the thickness of which varies strongly as a
function of the bias voltage [2].
For the analytical model it is assumed that a large part of the
resonance takes place in a time interval in which the voltage
over the phase winding is relatively small compared to the
initial voltage Vdc. After the resonance has damped out, the
phase voltage becomes zero, and the voltage over the power
semiconductor devices is Vdc/2. From Fig. 9 it can be seen
that the (C, V ) profile is quite flat in the region around
Vdc/2 = 100 V . Therefore, the value of CD.U.T. at Vdc/2
yields a good approximation for the output capacitance of
the device.
For the converter under test, capacitance values of 160 pF
and 40 pF were measured for an IGBT and diode respec-
tively. The equivalent converter capacitance Ceq is therefore
given by (Ci + Cd)/2 = 100 pF.
The total system capacitance (2) consists of the capacitances
of the converter, motor cable and phase winding. With the
mentioned values a total capacitance Ceq = 490 pF is obtained.
5.2 Increasing System Capacitance
For the motor under test, the equivalent capacitance of the system
is well below the threshold where a conflict arises between the
aligned resonance frequency and the PWM period. This means
that there is enough reserve to increase Ceq in order to obtain an
increased position resolution. A possible way to achieve a higher
equivalent capacitance is by mounting external (dv/dt-type)
capacitors Cext in parallel with the active semiconductor devices,
as shown in Fig. 10. In this way, the equivalent capacitance (2)
is increased by Cext/2:
Ceq =
(Ci + Cext) + Cd
2
+ Cc + Cw. (24)
Disadvantages of the external capacitors are the extra cost and
extra space required on the printed circuit board. Advantages
include:
• Higher position resolution.
• Increased linearity of the system. If the external capacitance
dominates the non-linear capacitance Ci+Cd, the equivalent
capacitance (24) will be highly voltage-independent. This
could be important in series production, where the system
capacitance could be maintained within certain tolerances.
Figure 7. IGBT output capacitance measurement setup.
Figure 8. Measured waveforms in IGBT output capacitance measurement setup.
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Figure 9. Measured IGBT output capacitance vs collector-emittor voltage.
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Figure 10. Converter H-bridge with external capacitors placed in parallel with
IGBTs.
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Figure 11. Aligned (a) and unaligned (b) phase voltage waveforms in response
to 1 µs testpulses for different external capacitance values Cext. Vdc = 200 V .
• Decreased switching losses in the IGBTs. The slight in-
crease in switch-on loss, associated with the energy loss
1/2Cext(Vdc/2)2 is overcompensated by the decrease in
switch-off loss [5].
• Reduced common-mode currents and associated electro-
magnetic interference due to reduced dv/dt over the power
semiconductor devices.
In order to validate the model for the aligned resonance fre-
quency, three capacitor pairs with respective values 1 nF, 3.3 nF
and 10 nF are placed in parallel with the IGBTs of the converter,
as shown in Fig. 10. Test pulses with a duration of 1 µs are
applied to an idle motor phase and the subsequent phase voltage
resonances are measured, see Fig. 11. The first zero crossing
of these (damped) waveforms is assumed to be at 1/4th of
the resonance period. From Fig. 11(a), the aligned resonance
frequencies are measured and they are listed in Table II. These
data are also visualized with markers in Figs. 5 and 6. A
good correspondence is obtained between the measured curves
(Ceq, fres,aligned) and the predicted curves from the analytical
model (18),(20), even though the damping is neglected in the
analytical model. From the measured data in Fig. 6 it can be
seen that the ratio of unaligned to aligned resonance frequency
increases with increasing capacitance values, which stresses the
point that this ratio is not constant due to induced eddy currents
in the magnetic laminations.
Ceq fres,aligned
0.49 nF+0=0.49 nF 35.2 kHz
0.49 nF+1/2 nF=0.99 nF 25.0 kHz
0.49 nF+3.3/2 nF=2.14 nF 15.6 kHz
0.49 nF+10/2 nF=5.49 nF 9.3 kHz
Table II
MEASURED ALIGNED RESONANCE FREQUENCY AS A FUNCTION OF TOTAL
SYSTEM CAPACITANCE
6 Conclusion
An analytical model is presented which allows to predict the
range of resonance frequencies in a resonance-based sensorless
SRM drive. For a known geometry, converter and material data,
the model can be used to tune the total system capacitance in
order to make a trade-off between a high position resolution
and a high PWM frequency. The tuning of this capacitance
can be realized by mounting external capacitors in parallel with
the parasitic capacitance of the power semiconductor devices.
Experiments with different system capacitance values were
performed. A good correspondence is achieved between the
measured resonance frequencies and the predicted values with
the analytical model.
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